Recent efforts to activate the strong uranium-oxygen bonds in the dioxo uranyl cation have been limited to single oxo-group activation through either uranyl reduction and functionalization in solution, or by collision induced dissociation (CID) in the gas-phase, using mass spectrometry (MS). Here we report and investigate the surprising double activation of uranyl by an organic ligand, 3,4,3-LI(CAM), leading to the formation of a formal U 6+ chelate in the gas-phase. The cleavage of both uranyl oxo bonds was experimentally evidenced by CID, using deuterium and 18 O isotopic substitutions, and by infrared multiple photon dissociation (IRMPD) spectroscopy.
INTRODUCTION
Ubiquitous in current nuclear fuel cycle operations and in future recovery processes of U from seawater, the uranyl ion, UO 2
2+
, occupies a central place in the nuclear chemistry field. [1] [2] [3] [4] [5] In spite of its apparent chemical inertness, UO 2 2+ has recently caught growing attention for the tantalizing prospect of activating its remarkably stable metal-oxygen double bonds. 6 Nevertheless, the activation and functionalization of UO 2 2+ still remain challenging and elusive. In the condensed phase, a few examples of apparent activation and functionalization of the highly stable U=O bonds have been proposed recently, with notably the reductive silylation and coordination by a Lewis acid such as B(C 6 F 5 ) 3 or an alkali metal. [7] [8] [9] However, with these approaches, the uranyl oxo bond (U=O) undergoes reduction due to the instability of the hypothetical UO Bu-calix [6] arene and La(OTf) 3 . 13 While characterization of this reaction's product revealed an octahedral U(VI) atom ligated by three phenolate oxygens from each of two calixarene ligands, the mechanism of activation was not understood. 13, 14 Drawing from this report and from previously performed gas-phase mono-activation reactions, we sought to investigate potential mechanisms associated with the cleavage of both UO 2 2+ oxo bonds, using chelated UO 2 2+ as a starting reagent. Here, we describe the non-reductive UO 2 2+ oxo activation by an octadentate catecholamide ligand, 3,4,3-LI(CAM), leading to the cleavage of both U=O bonds and the formation of a formal U 6+ chelate in the gas-phase. Through a combination of spectroscopic and computational tools, interactions between the ligand and metal center were probed and helped deciphering the activation mechanism to provide a rationale for the design of new synthetic systems with uranyl-oxo functionalization properties. 
METHODS

Caution
ESI-MS Experiments
The general experimental approach has been described previously. 18, 19 Anionic complexes of uranyl and triply de-protonated ligands were produced by ESI of ethanol solutions (~80% ethanol; 20% water) containing 100 M UO 2 Cl 2 -(diluted from 10 mM UO 2 Cl 2 at pH = 2) and 100 M of the chelating ligand. The experiments were performed using an Agilent 6340 quadrupole ion trap mass spectrometer with MS n CID capability; the CID energy is an instrumental parameter that provides only a relative indication of ion excitation. Anion mass spectra were acquired using the following parameters: solution flow rate, 60 L.h Torr and reproducibility of hydration rates of UO 2 (OH) + established that the water pressure was constant to within <10%. 20 The helium buffer gas pressure in the trap is constant at ~10 -4 Torr.
IRMPD Experiments
The IRMPD experiments were performed at the Free Electron Laser for Infrared eXperiments (FELIX) Laboratory. complexes were produced by ESI of similar solutions and under similar conditions as employed for the gas-phase reactivity studies described above, with subsequent CID to induce water loss from the former. The IRMPD spectra were acquired using a QIT/MS similar to that previously employed to study uranyl-crown and organouranyl complexes. 22, 23 The QIT/MS has been modified 24, 25 such that the highintensity tunable IR beam from FELIX can be directed onto the ion packet, resulting in multiphoton dissociation that is appreciable only when the IR frequency is resonant with a sufficiently intense absorption vibrational mode of the particular mass-selected complex being studied. The FEL produces ~5 μs long IR pulses with an energy of ~40 mJ/pulse at a repetition rate of 10 Hz. For the IRMPD measurements described here, ions were irradiated for 200 ms, corresponding to two FEL pulses, before being scanned out of the trap and detected.
Computational Simulations
Density functional theory calculations were performed with the open-source NWChem software suite. 26 The Stuttgart small-core effective core-potential and associated basis set 27 were used to describe the uranium atom, while all-electron DFT optimized valence triple-ζ polarized (TZVP) basis sets 28 were used for all other atoms in the modeled complexes. The geometries of the complexes were optimized, followed by frequency calculations to ensure the calculated structure had no imaginary frequencies and was in a minimum energy configuration. To validate the computational approach, additional geometry optimizations with and all-electron DFT optimized valence triple-ζ polarized (TZVP) basis sets on the light elements were done. All reaction energies obtained from the calculations include the zero-point energy correction. The vibrational frequencies were scaled empirically with a factor 0.985 and subsequently converted into an infrared spectrum by applying a Gaussian broadening (10 cm -1 full width at half maximum) to each mode utilizing the calculated intensities and summing all broadened peaks to form the final spectrum.
RESULTS AND DISCUSSION
Samples containing an equimolar amount of UO 2 Cl 2 and the catecholamide siderophore derivative 3,4,3-LI(CAM) (Fig. 1, hereafter , where one uranyl oxygen was activated and eliminated in the water loss reaction. The U center is coordinated by seven oxygens, with the remaining terminal U=O bond stretched to 1.82 Å and a catechol hydrogen at that same distance from the oxygen.
The remaining six oxygens are at an average distance of 2.27 Å from U, with the shortest U-O distance being 2.12 Å. The final product of the double water loss represents a U species in which both uranyl U-O bonds have been activated (Fig. 2, right panel) . Here the U experiments (Fig. 4) . Upon CID, the labeled complex eliminated a fragment of m/z 40 that was attributed to the elimination of two labeled water molecules H 2
18
O. This double elimination can only be due to the cleavage of the two U= by an organic ligand.
In an attempt to extend the results obtained with CAMH 10 , corresponding CID and IRMPD experiments were performed using the ligand 3,4,3-LI(1,2-HOPO) (hereafter designated as HOPOH 6 ), which has the same spermine scaffold as CAMH 10 but binds metal through four 1-hydroxy-pyridin-2-one (1,2-HOPO) moieties (Fig. 5) . This ligand has previously demonstrated a high affinity for UO 2 2+ in aqueous solutions, and both in vitro and in vivo. 15, 33 Contrasting with CAMH 10 , the ESI-CID mass spectrum of ethanol solutions containing UO 2 Cl 2 and HOPOH 6 did not yield the elimination of water molecules ( 
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